Abstract-A multiband internal antenna is introduced. The antenna consists of a driven meander-line element and two parasitic elements. The design is particularly unique since it supports the third generation mobile phone handsets where multiband operation is greatly desired. The proposed antenna operates effectively in the AMPS 800 (824-894 MHz), GSM 900 (880-960 MHz), and GSM 1900 (1850-1990 MHz) bands within 2.5:1 (voltage standing wave ratio (VSWR). Detail design criteria with respect to geometrical parameter variation are given. Experimental data (VSWR and pattern) obtained from a laboratory prototype are also presented.
I. INTRODUCTION

W
ITH the rapid growth of wireless communications there is a growing demand for mobile phones that are small, attractive, lightweight, and curvy. This has resulted in the proliferation of handsets with antennas that are internal or hidden within the device. An internal antenna makes the handset look much nicer and compact. In addition, since the antenna is inside the phone it is not prone to breakage or damage, which is commonly encountered with the so-called external stub-type antenna. Currently mobile phones with small internal antennas are already in the market.
Designing an internal antenna for a mobile phone is difficult especially when dual or multiband operation is required. Although obtaining dual-frequency resonance is straightforward, satisfying the bandwidth requirement for the respective communication bands is difficult. Further complications arise when the antenna has to operate in close proximity to objects like shielding cans, screws, battery, and various other metallic objects. The planar inverted-F antenna (PIFA) has become the main candidate for the above application since it performs reasonably well compared to other alternatives when operated close to a ground plane [1] - [3] .
For conventional PIFAs bandwidth has been found to be largely dependent on the amount of space available for the antenna. This includes the length and width of the antenna and its height from the printed circuit board on which it is mounted. The height being the most critical parameter. The size of the ground plane does not enter into the equation. However, it has been reported in [4] that the size of the ground plane affects the bandwidth, particularly in the lower frequency band (900 MHz). Nevertheless, ground plane size and shape is generally decided upon at the inception of a product and cannot be changed too much. Commercial PIFAs have been designed with 8 cm (40 mm by 20 mm by 10 mm) of volume for dual-band operation. Reducing the height from 10 mm to 6 or 7 mm is highly desirable. This however affects the antenna bandwidth quite significantly.
If merger of technologies is considered where both advanced mobile phone systems (AMPS) and global system for mobile (GSM) systems are integrated in one phone, triple-band or even quad-band antennas may be needed. For instance, consider a device that operates in the AMPS 800, GSM 900, and TDMA/GSM 1900 MHz bands. This means that the device operates in the 824-894 MHz, 880-960 MHz, and 1850-1990 MHz bands making it triple band from antenna perspective. In the lower band the required bandwidth is 136 MHz or 15.25% which is almost twice as much of that required for GSM or AMPS alone. This is no doubt very difficult to obtain with a small PIFA.
In this paper, we present a novel triple-band antenna that consists of a driven meander-line element and two parasitic coupled elements. The geometrical configuration, size, and proximity of the driven and parasitic elements help materialize the desired multiband operation. The complete antenna assembly is internal to the handset. The antenna can be tuned to operate either in the 824-894 MHz, 880-960 MHz, and 1850-1990 MHz bands or in the 824-894 MHz, 880-960 MHz, and 1710-1880 MHz bands. The concept described in the paper can also be used to achieve other triple or multiband operations. The size of the antenna is 50 mm by 10 mm by 6 mm (3 cm ) or less. The analysis of the antenna is conducted using a full-wave method of moments (MoM) software package called IE3D [5] . Experimental prototype has also been built and tested. The present analysis of the antenna does not contain the effect of the user's head and hand on the antenna impedance and pattern characteristics. The effect of the operator head and hand on the proposed antenna is planned to be addressed through future publication.
II. ANTENNA CONFIGURATION
The geometry of the antenna and its associated printed circuit board (PCB) is shown in Fig. 1 . As can be seen from of a printed circuit board and two parasitic metallic strips. The dimensions of the PCB not including the parasitic elements are 94 mm by 50 mm. The meander-line element is on the top layer at a height, from the PCB [ Fig. 1(b) and (d) ]. We consider air as the dielectric in between the antenna and the PCB. From Fig. 1 the vertical element connecting the antenna and the PCB is the radio frequency (RF) feed. In an actual cellular phone embodiment this will be a signal pin connecting the antenna and the RF signal pad on the PCB.
Other important and relevant parameters of the antenna are also given in Fig. 1 and Table I . The antenna volume is 50 mm by 10 mm by mm. The distance is a small separation between one of the parasite and the PCB that can be minimized when PCB space is critical. The parasites are directly connected to the PCB ground. The antenna is on the upper layer at a height, from the PCB. The antenna is fed using a connector pin from a RF signal pad on the PCB (not shown).
III. COMPUTATIONAL RESULTS
The antenna and the PCB shown in Fig. 1 have been analyzed using IE3D. The double meander geometry for the antenna has been selected for two primary reasons: 1) to shorten the length of the antenna and make it about the same size as the width of the PCB (50 mm), and 2) to achieve wideband performance [6] . The length of the antenna can be reduced Table I. even further (current length 50 mm) by increasing its width (antenna width 10 mm). Note that the typical length of a resonant quarter-wave monopole operating around 900 MHz is 80 mm. The double meandering shown in Fig. 1 essentially reduced the antenna length to 50 mm so that it can be enclosed within the device housing. The other reason for selecting the double meander geometry is its bandwidth advantage over conventional meander-line configuration as has been demonstrated in [6] . The two parasitic metal strips on the PCB help the antenna operate at the DCS or PCS frequency band in addition to its regular operation in the AMPS and GSM bands [6] , [7] . The antenna height, is adjusted to tune the antenna in terms of operating frequency and bandwidth.
Input impedance data for the antenna are computed as function of frequency with antenna height, as the parameter. VSWR (voltage standing wave ratio) data are computed from the impedance considering a 50 feeding transmission line for the antenna. Computed VSWR data as function of antenna height, is shown in Fig. 2 . The parameters of the antenna are:
26.5 mm, 6 mm, 4 mm, 2 mm. Other parameters are given in Fig. 1 and Table I . From Fig. 2 it is apparent that the antenna has two distinct resonances at around 900 MHz and 1920 MHz. The first resonance is entirely due to the meander antenna while the second is due to the parasitics that are attached to the PCB [6] - [8] . It is clear that the antenna VSWR changes as is changed. This change has two aspects: 1) one is the shift in the resonance frequency (as is reduced the resonant frequencies move higher as expected) and 2) the other is the overall level of the minimum VSWR. The level of VSWR change can be understood from subsequent impedance analysis presented in Figs. 3 and 4. From Fig. 2 , it is also clear that for 6 mm, the antenna is very well suited for triple-band operation. In the low frequency band the bandwidth is about 250 MHz or 27.8% within a VSWR of 2.5:1. This is far larger than the required bandwidth for AMPS 800 and GSM 900 combined (15.25%). In the high frequency band the antenna operating bandwidth is 9.4%. The required bandwidth for TDMA/GSM 1900 is 1850-1990 MHz or 7.3%. For all practical purposes VSWR of 2.5:1 as an upper limit has been generally found to be acceptable for mobile hand- Table I . Table I. sets. There occurs only about an additional 0.4 dB of loss as the VSWR changes from 2:1 to 2.5:1. The high-band performance is more strongly dependent on than the low band.
In Figs. 3 and 4 the input reactance and resistance are plotted as functions of frequency with as parameter. The reactance plot [ Fig. 3 ] clearly shows the change in the resonant Table I. frequency as is changed. The input resistance characteristics of Fig. 4 show that increasing has much more significant effect in the high frequency band than in the low-frequency band. Clearly in the low band the resistance varies between 25 and 45 at 900 MHz as changes from 2 to 10 mm. In contrast in the high band the resistance varies between 25 and 125 as is changed. This is why the VSWR level in the high band depends so strongly on than in the low band (Fig. 2) . Note that VSWR , where , with being the antenna input impedance consisting of the resistance and reactance of Figs. 4 and 3 . The term 50 in the above equation represents the characteristic impedance of a 50 transmission line.
The significant impedance change in the high band can be explained from the coupling mechanism between the driven meander element and the parasitic elements. The coupling is more pronounced in the high band because the low band driven meander element is larger in size compared to the high band parasitic elements. The smaller the height, the stronger is the coupling. The stronger coupling simply increases the mutual impedance, which in turn reduces the actual driving point impedance in the high band as can be seen from Fig. 4 . Thus, when the height is small (2 mm) the driving point impedance is also small (25 ). In contrast when the height is large (10 mm) the driving point impedance is also large (125 ). In either of these two cases the match with a 50 feed line will be poor (Fig. 2) . Thus, it appears that a height around 4 to 6 mm can be optimum for the proposed geometry with the parameters defined in Fig. 1 .
In Fig. 5 , two triple-band operation options are compared. Changing the length of the parasitics, from 26.5 mm to 29.5 mm and the height, from 6 to 5 mm the antenna can be used for AMPS 800, GSM 900, and GSM 1800 as opposed to AMPS 800, GSM 900, and GSM 1900 bands. All other parameters are listed in Table I .
In Fig. 6 the effect of the distance (see Fig. 1 and Table I ) on the antenna characteristics is inspected. As is reduced from 4 to 2 mm ( is fixed at 6 mm) the resonant frequency in the low band moves higher. This can be taken care of by either physically increasing the length or width of the meander element or by adding dielectric loading in the form of a substrate (support core) or a superstrate (radome). Dielectric loading will essentially reduce the resonant frequency of the antenna since the phase velocity of the wave decreases in dielectric. However, dielectric loading may affect the performance of the antenna in an adverse manner since: 1) the losses in the dielectric can reduce the antenna efficiency, and 2) the dielectric itself may reduce the antenna operating bandwidth. Thus, any dielectric loading has to be closely watched and evaluated so that antenna performance is not degraded. The effect of reducing from 4 to 2 mm ( is fixed at 6 mm) in the high band is more significant. It moves the VSWR curve higher ( 2 mm and 6 mm as opposed to 4 mm and 6 mm). This can be solved by reducing the antenna height to 5 mm. For mm a very good VSWR response is obtained and the bandwidth requirement for the high band is fulfilled. However, comparing the bandwidth for 4 mm, 6 mm, and 2 mm, 5 mm, it is evident that the bandwidth in the Table I . high band has narrowed as is reduced. Thus, reducing even further from 2 mm will cause the bandwidth to become even narrower.
IV. EXPERIMENTAL RESULTS
Based on the computational data a prototype antenna was fabricated as shown in Fig. 7 (only the antenna region is shown) . A semirigid coaxial transmission line is routed on the FR4 printed circuit board. The center conductor of the coaxial line is connected to the antenna while the shield is soldered to the PCB. For visualization of the antenna, PCB, and parasitic strips the antenna has been placed on a thin layer ( 0.2 mm) of transparency film and then soldered to the inner conductor of the feeding 50 coaxial line. In actual embodiment the antenna lies on a foam substrate ( ). The substrate measures 50 mm by 14 mm by 6 mm and is sandwiched between the antenna and the parasitic strips. The parasitic metal strips can be seen connected to the PCB ground (Fig. 7) . The antenna was measured for VSWR using an HP 8753 E vector network analyzer. Antenna radiation patterns were measured inside an anechoic chamber.
The antenna prototype shown in Fig. 7 resembles the model used for computation ( Fig. 1) with 6 mm and 6 mm. Table I . Table I .
Computed and measured VSWR data for this antenna are compared in Fig. 8 . The agreement between the measured and the computed data is quite good. Computed and measured resonant frequencies are about the same. The measured bandwidths in both bands are also in good agreement with the computed bandwidths within 2.5:1 VSWR. It is apparent from Fig. 8 that the antenna operates in the AMPS 800 and GSM 900 band within 2:1 VSWR and the GSM 1900 band within VSWR of 2.3:1. Table I . Antenna gain and patterns were measured with reference to two standard gain antennas (gain of which were known from the manufacturer's data sheet). For the 900 MHz band a log-periodic dipole antenna and for the 1900 MHz band a rectangular horn antenna was used. Measured gain for the two principal plane patterns of the proposed antenna are listed in Table II . It is apparent that the free-space peak gain at 900 MHz is between 0 and 0.5 dBi and is directed toward [for antenna orientation and pattern shape see Fig. 10(a) and (b) ]. This is rather typical for cellular phone antennas, especially at around 900 MHz. The peak of the beam is generally directed toward the lower hemisphere since the PCB which itself radiates, is much larger than the actual antenna and, thus, dominates the pattern [9] . The gain at 1900 MHz is between 2.3 and 2.5 dBi and is directed toward [for antenna orientation and pattern shape see Fig. 10(c) and (d) ]. This is also expected since the antenna is more directional in the high band. Also since the antenna is positioned asymmetrically to the top end of the PCB the peak of the beam is along . Measured normalized radiation pattern data for the proposed antenna are shown in Figs. 9 and 10. The azimuth ( plane ) patterns at 900 and 1900 MHz are shown in Fig. 9 (a) and (b). At 900 MHz the vertical component of field is the dominant one [ Fig. 9(a) ] and its variation is nearly uniform. The front to back ratio is about 3 dB. At 1900 MHz [ Fig. 9(b) ] the vertical component of field is fairly directional, front to back ratio is about 8 dB. Even though the vertical component is not uniform fairly good angular coverage can still be obtained when both vertical and horizontal components are combined. The only angular region where coverage is between 8 to 10 dB is limited between the angular region of 60 to 120 . This angular region is going to be blocked by the operator head anyway. Thus, the directionality in the high band can be considered as an advantage since less energy is being deposited in the operator head. Another thing to note is the significance of total field rather than just one component. In a mobile environment polarization purity is virtually absent. Thus, when both components exist and are comparable they need to be combined to get the total field.
Measured elevation plane gain patterns for the proposed antenna are shown in Fig. 10 . The plane pattern at 900 MHz in Fig. 10(a) has both the vertical and horizontal components. Clearly the pattern for the vertical component resembles the pattern of a stub antenna on a box [9] . The horizontal component appears to be more uniform. The plane pattern at 900 MHz is shown in Fig. 10(b) . The dominant component here is the vertical field component. Once again the pattern looks similar to a stub antenna pattern.
Patterns at 1900 MHz are shown in Fig. 10 (c) and (d). In the plane ( ) the horizontal field component is the dominant one with nearly uniform variation between 0 to 90 and 90 to 0 (between 0 to 4 dB). The vertical component shows a butterfly-type pattern mainly because the PCB and antenna combination is longer than a wavelength at this frequency. When both fields are combined the total field should still be similar to the horizontal component shown in Fig. 10(c) . The plane pattern [ Fig. 10(d) ] shows that the vertical component of field is the dominant one and, thus, the total field pattern should resemble that.
V. CONCLUSION
The analysis and design of a multiband internal antenna is presented. The antenna consists of a driven meander-line element and two coupled parasitic elements. It has been demonstrated that the antenna can operate either in the AMPS 800/GSM 900/GSM 1900 or the AMPS 800/GSM 900/GSM 1800 MHz bands within a VSWR of 2.5:1. The principle described here can be exploited to design antennas for other triple or multiband operations. The study presented here does not contain the effect of the user's head and hand on the antenna impedance and pattern characteristics. Since the human brain is a lossy dielectric, electromagnetic absorption will reduce the antenna gain in the direction of the head. The amount of absorption and its effect on antenna pattern depend on multiple factors, such as, operating frequency, antenna design, device size, proximity of antenna from the user's head, and so on. In terms of the antenna input characteristic the user's brain being a dielectric material will reduce the resonant frequency of the antenna, which can be mitigated by making the antenna electrically shorter accordingly. We plan to address the effect of the user's head and hand on the the proposed antenna through future publication.
